Suspension cells of Solanacearum tuberosum and Nicotiana tabacum placed in fresh buffer rapidly produce and maintain significant pools of extracellular antioxidants. The extracellular antioxidant was detected by first adding a known amount of exogenous H 2 O 2 to samples and then immediately measuring the remaining H 2 O 2 . The difference between the amount added and amount remaining was used to determine the antioxidant capacity of the sample. This extracellular antioxidant pool attenuates levels of hydrogen peroxide produced during plant-bacterial interactions. When tobacco cells were inoculated with an isolate Pseudomonas syringae pv. syringae that causes a hypersensitive response much of the antioxidant capacity had been expended neutralizing the oxidative burst characteristic of such plant-microbe interactions. After a brief delay, the levels of extracellular phenolics increased commensurate to antioxidative capacity in freshly transferred cells within 2-4 h. The strong UV absorbance of these extracellular phenolics within 250 and 350 nm was used to follow oxidation upon reaction with H 2 O 2 . This extracellular antioxidant pool is an important consideration in cell suspension studies of the plant-microbe oxidative burst. This study demonstrates that the true magnitude and timing of the oxidative burst in cell suspensions is masked by extracellular antioxidants.
Introduction
Extracellular phenolics play important functions in plants ranging from cell wall reinforcement to antibiotics and antioxidants. Lignin and polysaccharide bound phenolics cause physical and chemical changes in the plant cell wall that protect it from physical challenges and attack by various pathogens [4, 6, 7, 9, 12] . Antibiotic phenols can be both constitutive and induced at the site of infection [3, 8, 11] . A key cell wall metabolite is ascorbic acid, which in association with other components, is an antioxidant that can protect plants and cells from oxidative damage derived from many sources including pollution, pathogens, photosynthesis and the aerobic environment [5, 14, 16] . A unique and critical role of the ascorbic acid and other phenolic antioxidants in the apoplast along with peroxidases may help to regulate the redox potential of the apoplast [15, 16] . This phenomenon has serious implications regarding the triggering of other mechanisms and how the cell will react to various stimuli.
In this study, we report the antioxidative buffering capacity of this extracellular phenolic pool and its affect on our ability to detect the plant-microbial oxidative burst. It had been noticed in the previous study that suspension cells of tobacco that were treated with non-hypersensitive response (HR)-causing bacteria accumulated an antioxidant capacity that could rapidly scavenge exogenously added hydrogen peroxide. At that time, the source of this activity and its implications were not understood. In the current study, we demonstrate the potential antioxidative buffering Abbreviations: cfu, colony forming units; HR, hypersensitive response capacity which can buildup rapidly in cell suspensions and cause an underestimation of the actual oxidative stress.
Results
Monitoring antioxidative capacity of cell suspensions could be achieved by the addition of exogenous H 2 O 2 followed by an immediate measurement of the remaining H 2 O 2 (Fig. 1 ). The buffer control to which 20 µM H 2 O 2 are added remained relatively constant throughout the monitoring period. Cells with no treatment or treated with the non-HR-causing isolate, P. syringae pv. syringae B7, were able to consume increased amounts of exogenous H 2 O 2 as time increased. While the initial consumption of H 2 O 2 in treatments with the HR-causing isolate, P. syringae pv. syringae (WT), was similar to B7, after 3 h the consumption of exogenous H 2 O 2 decreased relative to the other treatments. This would be consistent with previous work that demonstrates H 2 O 2 is produced during HR reactions [1] . The H 2 O 2 produced by these treatments was scavenged by the antioxidants and therefore less exogenous H 2 O 2 could be consumed. This experiment indicates a method by which an oxidative burst may be detected even though H 2 O 2 does not accumulate.
The antioxidant capacity is defined as the amount of H 2 O 2 consumed by a quantity of cells as described in the Methods. The antioxidant capacity of a suspension of tobacco and potato cells increased over a 5 h incubation period ( Fig. 2) . Phenolics from the same cells were found to increase over the same time period (Fig. 3 ). The antioxidant capacity as well as the amount of phenolics reached higher levels in tobacco than in potato cell suspensions.
The antioxidant capacity was associated with the extracellular fluid (Fig. 4 ). The supernatant from suspensions that had been incubated for 5 h had nearly 95% of the activity of the cell suspension, while the cell residue retained less than 5% antioxidant capacity. The extracellular antioxidant was heat stable, retaining more than 80% activity after autoclaving for 10 min.
The increase in antioxidant activity in the suspension cells paralleled an increase in absorbance in the 250-350 nm range characteristic of phenolics ( Fig. 5A, B ). Samples of fresh cell suspensions were scanned hourly in a spectrophotometer. Peaks at 278 and 318 nm were predominant in potato samples and peaks at 288 and 314 nm were predominant in tobacco samples. Incremental addition of Fig. 1 . Tobacco cell suspensions were inoculated with P. syringae pv. syringae, 2.5 × 10 7 cfu ml -1 , and monitored for antioxidative capacity. Exogenous H 2 O 2 , 50 µM, was added to samples of treated cells and the remaining H 2 O 2 was immediately determined by luminol-dependentchemiluminescence, as described in the Methods. Treatments included buffer control, cells with no treatment, and cells inoculated with either HR-causing (WT) or non-HR-causing (B7) isolates of P. syringae pv. syringae. Chemiluminescence is shown in relative light units (rlu). (Fig. 5C,  D) .
Peroxidase appears to be required for this antioxidant phenomenon. Addition of H 2 O 2 , without peroxidase, to the autoclaved 5 h supernatants did not cause a decrease in absorbance. To determine if peroxidase activity increases significantly during this period we followed peroxidase activity using a standard guaiacol assay as described in the Methods. Peroxidase activity remained about 7 × 10 -8 and 35 × 10 -8 katals g -1 cells for potato and tobacco, respectively, over the 5 h period.
Discussion
The results suggest that healthy suspension cells of tobacco and potato have significant extracellular pools of phenolic compounds that can attenuate the oxidative burst resulting from stresses such as microbial attack. The extracellular phenolic content of suspension cells of either tobacco or potato increased concurrently with scavenging or antioxidant capacity (Figs. 2, 3) . The scavenging activity of the extracellular phenolic extracts could be followed spectrophotometrically by decreased absorbance in the 270-320 nm range after addition of hydrogen peroxide (Fig.  5 ).
When cells of tobacco were inoculated with a pathogen, Pseudomonas syringae pv. syringae, it was clear that part of the oxidative burst was buffered by the extracellular phenolics ( Fig. 1) . Untreated cells or cells treated with the non-HR-causing isolate B7 scavenged more of the exogenously added H 2 O 2 compared to the treatment with WT. This we believe was due to the oxidative burst produced in the WT treatment, which consumed or oxidized the extracellular antioxidants, thus reducing the antioxidant capacity of these samples. It appears that free H 2 O 2 will not accumulate in the extracellular supernatant of cell suspensions until the antioxidant buffer pool has been consumed.
The antioxidant capacity of the leaf apoplast has been studied extensively especially in regard to ascorbic acid and ozone tolerance [15, 17] . Ozone will produce a chronic stress of reactive oxygen species in the apoplast. Ascorbic acid and extracellular phenolics along with peroxidases attenuate the level of reactive oxygen species encountered by the leaf cells. It appears likely that phenolic compounds react directly with peroxidase and H 2 O 2 while the ascorbic acid serves to regenerate the oxidized phenolic compound. A similar scenario is likely to be occurring in the suspension cell model. It is apparent that a family of phenolics are being produced and the exact composition varies depending on the cell type and age (unpublished data).
This study demonstrates that the oxidative burst caused by HR-causing bacteria in suspension cells is initiated prior to the detection of free H 2 O 2 . Under certain conditions, an oxidative burst may not exceed the antioxidative capacity of the cell suspension. It would be undetectable if free reactive oxygen species were used as the measure. We are currently developing a technique to measure the total oxidative burst in cell suspensions. It will need to account for the oxidative component that is reduced by the extracellular antioxidants as well as the free H 2 O 2 detected in the supernatant. This information and technique would be applicable to areas in which the oxidative burst is being studied.
Methods

Plant material and bacteria
Suspension cells of tobacco (Nicotiana tabacum L. cv. Hicks) and potato (Solanum tuberosum cv. Kennebec) were maintained and prepared as previously described [2] except that tobacco callus and suspension cells were maintained on MS media (supplemented with 0.2 mg l -1 KH 2 PO 4 , 0.2 mg l -1 2,4-D and 0.1 mg l -1 kinetin). Four-day-old cultures, which were in log phase, were transferred, 8 × 80 ml of fresh media in 250 ml flasks. Cells from 4-day-old cultures in log phase growth were washed and suspended in assay buffer (175 mM mannitol, 0.5 mM CaCl 2 , 0.5 mM K 2 SO 4 , and 0.5 mM MES, pH 6) for a final cell concentration of 0.1 g ml -1 . The assay buffer is prepared in bulk and autoclaved to allow storage. It was found that the autoclaved assay buffer should be allowed to equilibrate with air for 1 h prior to use to minimize perturbation of the cells. Cell suspensions, 25 ml, contained in 50 ml beakers were equilibrated on a rotary shaker at 180 rpm and 25°C for 0.5 h. Bacterial cultures of P. syringae pv. syringae 61 were maintained and prepared as previously described [1] . The wild-type (WT) isolate caused an HR reaction on tobacco while the Tn5 insertion mutant (B7) did not. The cultures were grown on Kings B agar plates and suspended in deionized water and added to cell suspension for a final concentration of 2.5 × 10 7 cfu ml -1 .
ROS measurement
The luminol-dependent chemiluminescent assay was used to measure H 2 O 2 as an estimate of ROS accumulation [10] . Samples, 0.4 ml, of treated suspension cells were dispensed into tubes, placed into the measuring chamber of an EG&G Berthold Autolumat 953 luminometer (Bad Wildbad, Germany), and automatically mixed with horseradish peroxidase, final concentration 0.72 U ml -1 , followed by luminol, final concentration 85 µM, for immediate measurement of luminescence. Standard curves were prepared with dilutions of H 2 O 2 in assay buffer (pH6). Antioxidant capacity was calculated by determining the µmol of H 2 O 2 consumed per gram of cells. Exogenous H 2 O 2 , 20 µM for potato cells or 50 µM for tobacco cells, was added to samples by the luminometer, and the remaining H 2 O 2 immediately measured. The exogenous H 2 O 2 was injected after the peroxidase and prior to the luminol. The difference between the samples and buffer with no cells was considered the amount of H 2 O 2 consumed by the antioxidant.
Phenol assay
The phenolic concentration was determined using the Folin-Ciocalteu method of Singleton and Rossi [13] as described by Booker and Miller [3] . We used 200 µl of sample plus 70 µl of the 2 N Folin-Ciocalteu followed 3 min later with 1 M Na 2 CO 3 . The samples were read 1 h later at 724 nm using 4-coumaric acid as a standard.
Spectrophotometric scans
Absorbance scans were carried out on the supernatant of the cell suspension treatments. Samples were filtered through cheesecloth into 1 ml quartz cuvettes. Scans were performed hourly on a Beckman Model DU-650 spectrophotometer between 210 and 400 nm. The 5 h supernatant was scanned after being treated with sequential additions of H 2 O 2 : 5 or 10 µM additions for potato or tobacco supernatant, respectively.
Peroxidase assay
Peroxidase activity was assayed using a modified guaiacol assay. Samples of cell suspension treatments were assayed for enzyme activity in a reaction mixture containing 1 mM guaiacol, 50 mM MES buffer (pH6) and 1 mM H 2 O 2 . The change in absorbance was measured at 475 nm in a spectrophotometer at 27°C.
